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Abstract. Background/Aim: The importance of hadron
therapy in the cancer management is growing. We aimed to
refine the biological effect detection using a vertebrate
model.  Materials and Methods: Embryos at 24 and 72 h
postfertilization were irradiated at the entrance plateau and
the mid spread-out Bragg peak of a 150 MeV proton beam
and with reference photons. Radiation-induced DNA double-
strand breaks (DSB) and histopathological changes of the
eye, muscles and brain were evaluated; deterioration of
specific organs (eye, yolk sac, body) was measured. Results:
More and longer-lasting DSBs occurred in eye and muscle
cells due to proton versus photon beams, albeit in different
numbers. Edema, necrosis and tissue disorganization,
(especially in the eye) were observed. Dose-dependent
morphological deteriorations were detected at ≥10 Gy dose
levels, with relative biological effectiveness between
0.99±0.07 (length) and 1.12±0.19 (eye). Conclusion:
Quantitative assessment of radiation induced changes in
zebrafish embryos proved to be beneficial for the
radiobiological characterization of proton beams.  
The role of radiotherapy (RT) has recently become more
pronounced in complex cancer management for reasons
including earlier diagnosis through comprehensive screening
programs and advanced imaging; technological
developments allowing highly selective dose deposition to
oligometastatic diseases (1); or novel approaches of immuno-
RT (2). In the last decades, the growing availability of
hospital-based proton facilities has made it possible to
include proton therapy as a highly selective radiation
modality in the anticancer therapeutic strategy. Therefore,
preclinical research on the pathomechanism of action, on the
biological effectiveness and on the potential improvement of
the therapeutic index is of high interest.
Heavy charged particles such as protons and heavier ions
slow down in human tissues with maximum dose deposition
at the track end, in the so-called Bragg peak (3). Recent
results support the clinical advantage gained from the
favourable depth dose distribution and the significant
decrease in integral dose in normal tissues, compared to the
best photon techniques, especially in terms of side effects
and secondary cancer induction (4, 5). The biological
effectiveness of a proton beam is higher than that of the
reference photon radiation, and an average constant relative
biological effectiveness (RBE) of 1.1 is applied clinically.
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However, RBE can vary between 1.0 and 1.6 depending on
the proton energy (position at the beam path in depth), the
dose, the biological system, the endpoint and on assessment
accuracy (6, 7). 
Ongoing technological developments provide new charged
particle acceleration methods that yield beams with
parameters, such as ultrahigh dose rate, pulsed operation and
extremely small non-divergent beams. Examples are laser-
driven particle beam therapy (8), FLASH therapy (9), Micro
Beam therapy (10) and combined modalities (11). Prior to
human application, it is essential to establish the safety of a
novel modality and to define the potential toxicity profile
and the basic pathomechanism of action. Several organ-
dependent preclinical tests were introduced, such as the
skin’s reaction system in pigs and mice, murine acute upper
intestinal crypt regeneration test (12), rodent lung
pneumonitis assay, oral mucosa reaction and rat spinal cord
damage (13-15). These pig and rodent model based tests are
accepted as reliable for the assessment of the biological
effectiveness of high linear energy transfer (LET) radiation
with changing parameters (dose rate, fractionation), and for
the comparison of different nonconventional radiation
qualities and specific biological properties of different ion
species, e.g. helium and carbon (15). However, considerable
controversy has recently emerged over the use of mammals
on a wider scale (animal rights issues, the translationality of
the data and heterogeneity of responses). The establishment
of a high throughput, reliable in vivo model is very important
in the era of rapid technological development in radiation
oncology. The National Institute of Health (NIH) proposed
the zebrafish as the third vertebrate model (after mice and
rats) for studying human diseases (16), because of their
homology with the human genome (70%), and the similarity
of the main signalling pathways, morphological structure and
function to those of mammals (17). Therefore, we introduced
the zebrafish embryo model as a small vertebrate system for
radiobiology investigations (18).
In previous experiments, we had determined the
appropriate biological parameters of the zebrafish system for
radiobiology investigations. Then, we validated this
vertebrate model for the measurement of RBE values of
different LET beams and combined modalities (19, 20). In
the previous work, a dose threshold of about 10 Gy was
found for the induction of morphological abnormalities and
for reducing embryonic survival within four days post-
irradiation (dpi) (19). To better understand this threshold,
more detailed investigations on cellular, histopathological
and molecular level were subjected to embryos preserved
from the previous campaign. Additionally, our aim is to
define parameters and standards most suitable for
radiobiology investigations on the zebrafish embryo model
and unlock the potential of the proposed vertebrate model for
the analysis of refined quantitative endpoints.
Materials and Methods
The methods and materials of the original irradiation experiments are
described in detail in (19), and a brief summary is given below. The
experiments were performed using wild type AB zebrafish (Danio
rerio) embryos at the age of 24 h postfertilization (hpf) and 72 hpf. All
procedures were carried out in compliance with EU Directive
2010/63/EU on the protection of animals used for scientific purposes.
The document states that early life-stage zebrafish embryos, up to five
days postfertilization (as long as they are not able to feed
independently) are not protected, therefore experiments using embryos
under this age do not require ethical approval. All procedures were
performed in accordance with this directive, as well as with German
legislation on the care and use of laboratory animals. Zebrafish
embryos were provided by the Center for Regenerative Therapies at
Technische Universität Dresden. Embryos were washed, sorted into
E3 medium (21) and transported for irradiation between 21 and 22 hpf
under the appropriate temperature conditions. The embryos were kept
at room temperature (23˚C) until irradiation. Shortly before treatment,
the developmental stage of the embryos was checked by microscopic
observation (Axiovert S100, Zeiss, Germany), and the embryos were
randomly allocated to the treatment groups (96 per dose, radiation
quality, repeat). The embryos were paired in the inner 48 wells of a
96-well plate (Sigma-Aldrich Chemie GmbH, Munich, Germany),
which were filled with 200 μl E3 medium. The plates were transported
and stored in polystyrene boxes outside the laboratory. Immediately
before irradiation, the plate covers were removed, and the wells were
sealed to prevent E3 leakage during irradiation. Control samples were
prepared and treated in parallel with the test samples but were not
irradiated. After irradiation, the embryos were separated so that each
embryo was kept in a separate well. They were checked under
microscope and maintained under normal conditions (28˚C). 
On the fourth dpi, the embryos were sacrificed and fixed in 4%
paraformaldehyde for histological analysis. For immunohisto-
chemical evaluations, the embryos were irradiated at 72 hpf and
were frozen on dry ice at 30 min, 60 min and 24 h after irradiation. 
Proton and photon irradiation. Proton irradiations were performed
at the horizontal fixed-beam beamline of the experimental area of
University Proton Therapy Dresden. The implemented double-
scattering system (22) was optimized for 150 MeV protons and the
delivery of 10×10 cm2 homogeneous proton fields. An in-house
developed water-filled phantom (23) was applied to position the 96-
well plates in a reproducible and precise manner (with a positioning
accuracy of ±0.2 mm), i.e., positioned at the entrance plateau and
in the middle of the spread-out Brag peak (mSOBP). For absolute
dosimetry we applied a Markus ionization chamber (model 34045,
PTW, Freiburg, Germany; 1.06 mm water equivalent thickness of
the entrance window) at sample position, and Gafchromic EBT3
films (ISP Corp., New York, USA) in front of each sample. The
zebrafish embryos were treated with graded doses of 5 Gy, 10 Gy
and 15 Gy at a dose rate of 5 Gy/min at both positions.
The water phantom was also used for the 6 MV photon reference
irradiation with the clinical linear accelerator ARTISTE (Siemens,
Erlangen, Germany), which was turned for horizontal beam
delivery. For practical reasons, the plates were irradiated at the same
depth in the phantom like those treated at the proton entrance
plateau with doses of 5 to 15 Gy delivered at a dose rate of 2.86
Gy/min as measured with a semiflex ionization chamber (model
31010, PTW) at the sample position.
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Detection of ionizing radiation-induced γ-H2AX formation. For the
analysis of DNA double strand breaks (DNA-DSB) 72 embryos
were irradiated at the age of 72 hpf, whereof each one third was
frozen at 30 min, 60 min and 24 h post-irradiation. The frozen
embryos were sectioned, dried, fixed, equilibrated and prepared for
staining. We used the Foxp3/transcription Factor Staining Buffer Set
[Fixation/permeabilization concentrate + Permeabilization diluent +
Permeabilization buffer (eBioscience, Thermofischer Scientific,
USA)].  The samples were incubated with fixation/permeabilization
concentrate and diluent (1:3, Thermofischer Scientific) for 20 min
at room temperature. Then we applied 1x working of
permeabilization reagent diluted with distilled water (1:9,
Thermofischer Scientific) for 5 min at room temperature. This was
followed by washing with phosphate buffered saline (PBS, 3×5 min,
Sigma-Aldrich, USA). We blocked the reaction with 1% goat serum
(Sigma Aldrich) added to 1% bovine serum albumine (BSA)-PBS
buffer, which also included 0.025% Triton X-100 (Sigma-Aldrich).
This step lasted 30 min at room temperature. After
fixation/permeabilization and blocking, we tipped off the excess
buffer and added primary mouse phospho-histone H2AX (Ser 140)
monoclonal antibody (3F2, Thermofischer Scientific, diluted 1:100,
in 0.5% BSA in PBS + 0.025% Triton X-100), to each section,
which were then incubated overnight (4˚C). After several washes
(3×5 min), the sections were incubated with goat anti-mouse IgG-
Alexa 647 (1:500, Thermofischer Scientific) for 90 min at room
temperature in the dark, and were washed again several times, and
the nuclei were then stained with DAPI (1:100, Sigma Aldrich)
dissolved in 0.05 M PBS. After several rounds of washing, the
sections were mounted with Fluoromount-G (Thermofischer
Scientific) and 10 samples (1 sample=1 embryo) per group were
analyzed by confocal microscopy (Zeiss LSM880, Zeiss) at a
magnification of 40×. Pictures were recorded and evaluated by two
observers. The foci were counted in 100 cell nuclei in both the eye
and the tail muscle tissue cells in the control in the photon and
proton irradiated groups. The field of view (FOV) was randomly
selected by the investigators on the same coded section. We
normalized the foci number of the irradiated groups to the mean
value of the corresponding controls. 
Histological analysis. Forty-eight zebrafish embryos per group were
fixed at the age of 120 hpf in 4% paraformaldehyde solution; they
were then paraffin embedded, sectioned and stained with standard
hematoxylin and eosin. The histological changes of the different
tissues were evaluated by light microscopy (AXIO Observer Z1
Inverted Microscope, Zeiss, Germany) on 10 embryos per group. All
sections were scanned, and every sample was evaluated offline at 20x
magnification by Panoramic Viewer (3DHISTECH, 1.15.4) and Case
Viewer Softwares (3DHISTECH, 2.2, - Ltd. Budapest, Hungary).
Each tissue type was subjected to semi-quantitative scoring and was
characterized by a score corresponding to the severity of the
histological damage in the range of 0 to 3 (Table I). The evaluation
was performed in coded sections by two independent investigators.
Evaluation of the morphological changes. On the third and fourth dpi,
photographs were taken of each embryo to observe the macroscopic
developmental changes for the given radiation qualities. After
checking the image quality, we could include 709 images in the
analysis using a code system, where the observers were blinded to
both radiation quality and dose. Using the software Image J [Fiji
version 1.15 n (24)], we manually measured the length of the
embryos (from the tip of the head to the end of the spine) as a
parameter of growth delay and spinal curvature, the diameter of the
eyes as a parameter of abnormal eye development (microphthalmia),
and the diameter of the yolk sac as a marker of edema formation
(Figure 1), respectively.  
Determination of RBE of morphological malformations. The yolk
sac diameter increased due to more severe radiation response, we
calculated the RBE based on the following formula:
             Structure diameter after 15 Gy proton
RBE=
             Structure diameter after 15 Gy photon
In the case of radiation impeded body and organ development invers
calculation of RBE were applied, relating the average structure size
(body length, eye size) obtained for certain proton and photon dose
groups, respectively. 
                 Structure size after 15 Gy photon
RBE=
                 Structure size after 15 Gy proton
Uncertainties of the RBE were derived by error propagation based
on the standard deviations of the average malformation rates.
Statistical analysis. This study includes three independent
experiment replications. Data analysis was performed with the
statistical software packages SigmaStat for Windows (Jandel
Scientific, Erkrath, Germany) or StatView 4.53 for Windows
(Abacus Concept Inc., 29 Berkeley, CA, USA). For the
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Table I. Evaluation aspects of the semi-quantitative scoring system from 0 to 3 points (Figures 4, 5 and 6).
Score                                 0                                                     1                                                         2                                                            3
Eye                   Intact, normal layers                Normal layers, but smaller               Moderate disorganization                Severe layer disorganization, 
                                                                              eye and lens, incidence              of the layers, reduction of the                  eye and lens shrinkage, 
                                                                                   of lenticulopathia                 eye and lens size, lenticulopathia                       lenticulopathia
Muscle           Intact, normal pattern of                       Mild necrosis                              Necrosis, inordinated                      Severe necrosis, loss of cell
                      the longitudinal muscles                                                                                  muscle fibers                             nuclei, edema between the 
                                                                                                                                                                                                     inordinated muscle fibers
Brain                 Intact layers, normal                Presence of vacuolization                          Edema, tissue                         Edema, tissue disorganization,
                         distribution of nuclei                           in cell layers                                   disorganization                                     severe necrosis
morphological and histological evaluation, differences between the
groups were analyzed with Kruskal-Wallis one-way ANOVA on
ranks, followed by Dunn’s method for pairwise multiple comparison.
In the Figures and Results, median values (M), 75th (p75) and 25th
(p25) percentiles are given. For immunohistological evaluations
Student’s t-test was used followed by the Mann-Whitney Rank Sum
Test. Values p<0.05 was considered statistically significant.
Results 
DNA damage: Detection of the number of γ-H2AX foci. In
(non-irradiated) control embryos 1-2 foci per FOV were
detected in the muscle and 2-3 foci per FOV in the eye,
respectively, that were used to normalize the measured γ-
H2AX foci in the irradiated samples. For proton irradiation
at mSOBP and plateau position neither the number of γ-
H2AX foci, nor its time dependent decrease showed a
significant difference in each type of tissue we examined.
Independent of radiation quality and tissue type a significant
increase in the number of DNA-DSB was found after 5 Gy
dose delivery at 30 min after irradiation as compared to the
(non-irradiated) control group.  At each time point the
number of foci in the eye cells was three times higher than
in the muscle cells, whereas the difference of the relative
number of DNA-DSB foci between the proton and photon
radiation was significant in both tissues. For example, in the
muscle cell nuclei, a significantly higher number of foci was
found 30 min after proton irradiation (12.98±1.63) as
compared to photon treatment (6.29±1.70). In case of the eye
cells, significant differences between the proton (49.02±3.94)
and photon groups (13.34±4.57) (Figure 2) were also
detected at 30 min after irradiation. The number of DNA-
DSBs remarkably decreased after further 30 min: by 50%
and 44% after proton and photon irradiation in the muscle
cells, and by 70% and 40% after proton and photon
irradiation in the eye cells. After 24 h the number of foci in
the photon irradiated samples almost returned to the pre-
irradiation level. Although the number of foci decreased with
time after proton irradiation too, we could still detect a
significant number of unrepaired DNA-DSBs, especially in
the muscle cells (Figures 2 and 3). 
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Figure 1. Macroscopic alterations observed at 15 Gy dose level and
measured by (a) the distance between the two endpoints of the embryo
from the tip of the head to the end of the spine, (b) the largest diameter
of the eye, (c) the transversal diameter of the yolk sac.
Figure 2. Kinetics of γ-H2AX foci appearance. The graph displays the
number of foci per cell as a function of time after irradiation (a) in the
eye (b) in the tail muscle. Statistics: Student’s t-test, Mann-Whitney rank
test p<0.05 was considered statistically significant; **p<0.01 and
***p<0.001 relative to the spread out of Bragg peak (SOBP) group at
30 min, +p<0.05 and +++p<0.001 relative to the Plateau group at 30
min, &&p<0.01 relative to the Plateau group at 60 min, *p<0.05 and
**p<0.01 relative to the SOBP group at 30 min, #p<0.05 relative to the
Photon group at 30 min.
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Figure 3. Illustrative images of immunohistochemical analysis of γ-H2AX foci by confocal microscopy in the eye (a) and the tail muscle (b). DNA
(DAPI staining) and γ-H2AX foci (red dots, Alexa 647) are merged to detect γ-H2AX foci within the cell nuclei of control (left) and 30 min after
treatment with 5 Gy of mid of spread out of Bragg peak protons (middles) and photons (right). Scale bars=5 μm.
Semi-quantitative analysis of embryo histopathology. The
histological findings reveal that the degree of cellular
disorganization in the eye is dependent on dose, but
independent of the applied radiation qualities (Figure 4).
Compared to the normal eye, the organization of the eye was
not disrupted after 5 Gy irradiation, but both the eye and the
lens decreased in size, and first signs of lenticulopathy
became noticeable in some samples. After 10 Gy the changes
are more pronounced with non-concentrically organized
retina layers. Even more serious damage could be observed
after 15 Gy radiation: it was difficult to distinguish most of
the remaining highly disorganized cellular layers, the inner
plexiform layer was nearly absent and the prominent round
nuclei of the ganglion cell layer could not be discerned.
Finally, radiation resulted in incipient lens opacification
already at 5 Gy dose level, and cataract formation progressed
at 10 Gy and 15 Gy dose levels. 
Normally, the tail muscle is composed of pink longitudinal
fibres, and the nuclei are in the middle of the fibres.
Irrespective of radiation quality, 5 Gy irradiation result in no
visible damage, whereas a sign of mild necrosis was detected
after 10 Gy irradiation (Figure 5). At higher doses the muscle
fibre structure is destroyed: dystrophy causes fibres
elongation, the nuclei are lost, and the fibres become darker,
which is a sign of hypereosinophilisation. Interstitial fluid was
detected between the muscle fibres, which can be associated
with inflammatory pathway activation induced by free oxygen
radicals released as a result of irradiation (25). All these
processes led to the development of muscle necrosis, which
could be observed later or at higher dose levels. 
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Figure 4. Dose-dependent changes in the eye size after photon and proton irradiation. Hematoxylin and eosin stained coronal retinal sections of
untreated zebrafish embryos (a) after treatment with (b) 10 Gy, (c) 15 Gy of 6 MV photons and with (d) 10 Gy, (e) 15 Gy protons, respectively, all
captured at 120 h postfertilization. The images show characteristic stratification of nuclear and plexiform layers. After 10 Gy and 15 Gy photon and
proton irradiation, the samples show widespread retinal degeneration with loss of lamination and irregular patchy islands of plexiform tissue, with
absence of large areas of retinal pigment epithelium (RPE). The structure of the cataractous lens is tightly compacted, the loss of the layers of
photoreceptor cells severe retinal damage with pyknotic nuclei, RPE hypertrophy and atrophy. Further layers are indicated as follows: GCL: Ganglion
cell layer; INL and ONL: inner and outer nuclear layer, respectively; IPL and OPL: inner and outer plexiform layer, respectively. Scale bars=50 μm.
The first radiation induced damage that could be observed
in the brain is the formation of extracellular edema due to
the disruption of the blood-brain barrier. For zebrafish
embryos, no brain damage was seen at the lowest dose level
(5 Gy), which is comparable to the absent of muscle damage
in this group (Figure 6). After irradiation of 10 Gy and 15
Gy we could detect signs of edema, brain vacuolisation and
cellular debris in the neural layer, which indicated the
development of more serious necrosis at higher dose levels.
Figure 7 summarizes the numerical results of the scoring
system after proton and photon irradiation at escalated doses
compared to the control group. 
Morphological malformations. Both, proton and photon
irradiation resulted in numerous morphological malformations
like shortening of the overall body length (Figure 8), reduction
of the eye size, i.e. microphthalmia (Figure 9), or inhibition
of yolk sac resorption and edema formation in the yolk sac
(Figure 10). The degree of morphological deteriorations was
normalized to the values of the control group. We found
significant dose-dependent impairments after irradiation of 10
Gy and 15 Gy. 
The values in the figures show both the frequency and
severity of the malformations concerned. Time wise, each
organ impairment appeared on the third dpi, and the
difference between the observed groups did not significantly
change on the last (120 hpf) day. Morphological
malformations could be measured already at 10 Gy dose
level for protons at both positions (mSOBP and plateau), and
they showed significant deterioration at 15 Gy dose level for
both radiation qualities.
Determination of proton RBE based on morphological
malformations. Table II shows the RBE values that were
calculated on basis of the different morphological parameters
observed in zebrafish embryo at the 3rd or 4th dpi with
protons and reference photons. 
At lower doses (5-10 Gy) we detected mild
morphological deteriorations compared to the unirradiated
group. At 15 Gy dose level, based on the eye size the
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Figure 5. Dose-dependent changes in the muscle after photon and proton irradiation. Hematoxylin and eosin stained coronal sections of wild type
zebrafish tail muscles at 120 h postfertilization (a) control, (b) 10 Gy photon irradiated, (c) 15 Gy photon irradiated, (d) 10 Gy proton irradiated
and (e) 15 Gy proton irradiated embryos. The pictures show longitudinal muscle fibres. After 15 Gy irradiation (both photon and proton), the slide
shows notable muscle fibre degeneration with edema formation. Scale bars=50 μm.
highest RBE values of 1.12±0.14 at 96 hpf at the mSOBP
position and 1.10±0.12 at 120 hpf at the plateau region were
calculated relative to reference photons. At this dose level
the different radiation qualities did not result in
distinguishable effects neither in relation to the yolk sac
edema nor the shortening of body length.
Discussion
We irradiated the zebrafish embryos with protons at two
positions along the proton depth dose curve, as well as with
reference photons. Our aim was to define parameters and
standards most suitable for radiobiology investigations on
the zebrafish embryo model and unlock the potential of the
proposed vertebrate model for the analysis of refined
quantitative endpoints.
An established endpoint for assessing radiation-related
DNA-DSB in cells is the measurement of γ-H2AX foci as a
surrogate marker (26). Numerous in vitro experiments were
performed to evaluate the number of induced DNA-DSB and
the subsequent repair kinetics (27), and it was concluded that
repair is delayed following proton irradiation. With our
zebrafish embryo system, we confirmed the same difference
between proton and photon irradiation. Similarly to in vitro
systems, the maximum of the relative foci count was found 30
min after irradiation. In further time points the number of foci
decreases, as the DNA-DSB repair progress (28). The foci
number reaches control levels 24 h after photon irradiation.
Despite similar kinetics, the number of foci is twice as high
in the case of proton compared to photon exposure. Although
the number of DNA-DSB per unit dose can be similar, the foci
count per cell can differ significantly because of the
differences in track structure and local energy deposition (27).
This may result in more complex, proton-irradiation-induced
damage which is harder to repair. Furthermore, similarly to
rodent experiments, significant differences could be detected
ANTICANCER RESEARCH 40: 6123-6135 (2020)
6130
Figure 6. Dose-dependent changes in the brain after photon and proton irradiation. Hematoxylin and eosin stained coronal sections of a wild-type
zebrafish brain at 120 h postfertilization (a) control, (b) 10 Gy photon irradiated, (c) 15 Gy photon irradiated, (d) 10 Gy proton irradiated and (e)
15 Gy proton irradiated. The pictures show areas and nuclei of the brain and the degree of necrosis. After irradiation of 10 Gy and 15 Gy (both
photon and proton), the slide shows notable tissue degeneration and severe necrosis of the brain. Scale bars=50 μm.
in DNA-DSB induction and repair kinetics in various tissues,
i.e. in radiosensitive eye cells and less radiosensitive muscle
cells due to their different genetics and microenvironmental
backgrounds (29, 30). The comparability of the DNA repair
kinetics to that observed in other animal species and in
humans exposed to ionizing irradiation (31, 32). 
Only a few articles report on histological deteriorations
observed in zebrafish (20, 33, 34) after ionizing radiation. For
example, Geiger et al. (34) found a strong correlation between
histo-morphological changes and increased cellular death, and
observed changes in the eye and the brain of embryos irradiated
at different hpf with doses up to 20 Gy. Similarly to their
findings, we also observed hypocellularity, disorganization of
the cellular layers of the retina and lens opacification, as well
as brain tissue perturbation at doses higher than 10 Gy,
irrespective of radiation quality. In addition, the newly
introduced scoring system revealed mild changes in the eye
retina and lens, which could be detected already at 5 Gy dose
level. Furthermore, in accordance with other in vivo models (35)
the data derived from our model confirm that different tissues
exhibit different radiation responses. The eye of the zebrafish
embryo exhibited the highest radiation sensitivity among the
investigated tissues. The zebrafish embryo model has proven to
be useful for investigations on neurodevelopmental disorders
and could replace the rodents in several aspects (35). For
example, our dose-dependent histopathology findings of the
brain are comparable to the results of Sahnoune et al., who
established a juvenile rodent model and observed that
fractionated irradiation of 4×5 Gy resulted in stunting of
growth, as well as in changes in brain volume and axonal
density and integrity (36). We could detect signs of edema, brain
vacuolisation and cellular debris in the neural layer, which
indicated the development of more serious necrosis, together
with the shortening of the embryo at higher dose levels.
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Figure 7. Summary of the histological evaluation of radiation induced
damage in different tissues after photon (triangles) and proton (squares,
averaging mid of spread out of Bragg peak and plateau) irradiation. The
severity of damage was determined according to the system given in
Table I for: (a) major edema formation with muscle fiber impairment
after 15 Gy irradiation (both photon and proton), and (b) significant
tissue lesions and severe necrosis of the brain after irradiation of 10 Gy
and 15 Gy (both photon and proton), (c) there are signs of significant
retinal layer and lens degeneration after photon irradiation of 10 Gy, as
well as photon and proton irradiation of 15 Gy. *p<0.05, **p<0.01 and
also **p<0.001 relative to the control group, and ##p<0.01 as well as
###p<0.001 relative to the 5 Gy of all radiation qualities.
Several reports have demonstrated that inflammation leads
to edema formation as an acute radiation response (18, 37-
39). In the previous evaluation (19), pericardial edema
occurred in almost 100% and 90% of the embryo treated with
proton and photon doses higher than 15 Gy, respectively. In
the present analysis, edema development could be detected
both at micro- and macromorphological levels in different
organs: in muscles, in the brain and in the yolk sac. Normally,
the yolk sac gradually shrinks and completely resorbs within
120 hpf (40), but irradiation may prevent its regression. This
ANTICANCER RESEARCH 40: 6123-6135 (2020)
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Figure 8. Embryo length normalized to the mean value of the control group. It significantly decreased after 15 Gy irradiation at both developmental
stages and after treatment with protons at mid of spread out of Bragg peak (circle) or plateau (diamond) position and with photon reference
(triangle). ##p<0.01 and ###p<0.001 relative to the 5 Gy group and &&&p<0.001 relative to the 10 Gy group.
Figure 9. The size of the eye normalized to the mean value of the control group reduced significantly. The level of microphthalmia increased in a dose-
dependent manner after 10 Gy and 15 Gy irradiation. #p<0.05 and ###p<0.001 relative to the 5 Gy group and &&&p<0.001 relative to the 10 Gy group.
allows us to follow edema formation by measuring the
diameter of the retained yolk sac, that seem to provide a finer
endpoint and more accurate results.
Furthermore, our measurements detected a notable
reduction in body length, which suggests spinal cord
curvature and growth delay. It is well known that different
radiation qualities cause developmental deteriorations (41-
44), but only a few studies measured the degree of spinal
curvature (19, 20) and confirmed a linear dose dependent
increase in severity on the fourth dpi at a dose level of 10
Gy or higher. Sayed and Mitani (45) showed spinal cord
abnormality (body curvature) in the embryos of fish
(Medaka) even after exposure to UV-A irradiation. 
In the previous experimental campaign (19) the radiation
effects of proton and photon beams were assessed, and RBE
values were found to be in the range of 1.10-1.25 at a dose level
of 20 Gy, determined by survival-, and semiquantitative
morphological deterioration assessment. In the present work, the
measurement of yolk sac and eye diameters and embryonal body
length after irradiation with 15 Gy resulted in RBE values around
1.0 (0.98-1.12). The quantitative assessment of radiation induced
morphological changes on zebrafish embryo provides valuable
data on different normal tissue radiation sensitivity furthermore
on dose, LET and tissue dependent biological effectiveness. 
Conclusion 
Our results prove the value of endpoint refinement for zebrafish
embryo system in radiobiology experiments on accelerated
particles (46). This reliable, reproducible and easily available in
vivo model (47) could be implemented for quantitative analysis
of the new particle acceleration and dose delivery methods that
yield beams with non-clinical parameters, like the ultrahigh
dose rate applied for Flash RT (48).
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